The effects of ions (i.e. Na + , Mg 2+ and polyamines including spermidine and spermine) on the stability of various DNA oligonucleotides in solution were studied. These synthetic DNA molecules contained sequences that mimic various cellular DNA structures, such as duplexes, bulged loops, hairpins and/ or mismatched base pairs. Melting temperature curves obtained from the ultraviolet spectroscopic experiments indicated that the effectiveness of the stabilization of cations on the duplex formation follows the order of spermine > spermidine > Mg 2+ > Na + > Tris-HCl buffer alone at pH 7.3. Circular dichroism spectra showed that salts and polyamines did not change the secondary structures of those DNA molecules under study. Surface plasmon resonance (SPR) observations suggested that the rates of duplex formation are independent of the kind of cations used or the structure of the duplexes. However, the rate constants of DNA duplex dissociation decrease in the same order when those cations are involved. The enhancement of the duplex stability by polyamines, especially spermine, can compensate for the instability caused by abnormal structures (e.g. bulged loops, hairpins or mismatches). The effects can be so great as to make the abnormal DNAs as stable as the perfect duplex, both kinetically and thermodynamically. Our results may suggest that the interconversion of various DNA structures can be accomplished readily in the presence of polyamine. This may be relevant in understanding the role of DNA polymorphism in cells.
INTRODUCTION
Polyamines are ubiquitous cellular constituents and they play important biological roles, such as in cell growth and differentiation (1, 2) . Intracellular concentrations of polyamines are in the high millimolar range (3) . In some tumor cells, polyamines are regulated poorly, resulting in higher polyamine concentrations than those in normal cells (4) . Therefore, inhibition of polyamine biosynthesis is a potential mechanism for cancer chemotherapy (5) (6) (7) . Polyamines are aliphatic polycationic compounds, and they possess multiple positive charges (two for putrescine, three for spermidine and four for spermine) at physiological pH due to the protonations of their amine groups. They are almost exclusively bound to nucleic acids and are involved in many cellular processes that need nucleic acids (2) . For example, polyamines affect the interactions of DNA-binding protein with nucleic acids (8) (9) (10) , and modulate the transcription of various genes (11, 12) . Polyamines are essential materials for catenation of supercoiled DNA by topoisomerase (13, 14) . They also induce the transition of B-DNA to A-DNA or Z-DNA depending on the conditions (15) (16) (17) .
Polyamines are flexible, positively charged molecules. Stabilization of DNA duplexes by polyamines has been studied for years. Intuitively, they should prefer to bind to the phosphate groups strongly in each strand of DNA duplex, and reduce the repulsion between the phosphate groups of DNA. However, the polyamine binding sites in DNA have been observed within both the minor and the major grooves of DNA (18) (19) (20) (21) . Theoretical modeling results suggested that polyamines bind to the major groove of GC-rich duplexes (22) and to the minor groove of AT-rich duplexes (23, 24) . Polyamines also have remarkable stabilizing effects on DNA-RNA hybrids (25) , triple-helix DNA (26) (27) (28) as well as other double-helical secondary structures, such as stems and loops in rRNA, mRNA and tRNA (3, 29) . Polyamines can interact with DNA leading to the condensation of DNA (30, 31) and chromatin (32, 33) , and protect DNA from denaturation (34, 35) . DNA lesions including bulged loops, hairpins or mismatched base pairs have significant biological consequence. Normally, perfectly base-paired DNA duplexes are considerably more stable than those with lesions. It would be of interest to know whether polyamines can stabilize DNAs with lesions, and if so, what biological roles they play.
In this study, we present a systematic study to reveal the role of salts, spermidine and spermine in the formation of various A,T-rich DNA duplexes. We synthesized six duplexes, as shown in Figure 1 . Perfect duplex P1, containing no lesion, has 15 Watson-Crick base pairs (14 ATs and one GC). B1 and M1 contain a single base (G) bulge loop and an AG mismatched base pair in the center of P1, respectively. Finally, we synthesized three hairpins with either a seven or eight AT base-pair stem and a TGT loop. Using the ultraviolet (UV) melting and circular dichroism (CD) studies, we characterized the stabilizing and structural effects of polyamines on those DNA duplexes. In addition, we used surface plasmon resonance (SPR), a method to analyze biomolecular affinity interaction in real time (36) , to study the kinetic behavior of those DNA duplexes.
MATERIALS AND METHODS

Polyamine and oligodeoxyribonucleotide syntheses
Spermine tetrahydrochloride and spermidine trihydrochloride were purchased from Sigma Chemical Co. (St Louis, MO). Protected nucleotide phosphoramidites and controlled pore glass beads were obtained from Glen Research, Inc. (Sterling, VA). All oligodeoxyribonucleotides listed in Figure 1 were synthesized using an automated DNA synthesizer (Applied Biosystems Model 391) and purified by gel electrophoresis. The biotin-linked oligomers (5′-biotin-T 7 GT 7 and 5′-biotin-T 6 CGCT 8 ) were synthesized by incorporating the biotin synthon (Glen Research, Inc., Sterling, VA) at the 5′-end of the oligomers and can be immobilized to the streptavidin-coated biosensor chip used for the SPR experiments.
Melting temperature measurement
The profiles of UV absorbance versus temperature were measured using a JASCO V560 UV/VIS spectrophotometer by monitoring the sample absorption (in OD) at 260 nm. The sample cell was equipped with a Peltier type cell holder (EHC-441), and the temperature regulated by a programmer (JASCO TPU-436). The concentration of the duplex DNAs in each sample was 4 µM in 20 mM Tris-HCl buffered solution, pH 7.3, containing 100 mM NaCl, 22 mM MgCl 2 , 5 mM spermidine or 5 mM spermine. The experiments were carried out by increasing the temperature at a rate of 0.5°C/min from 0 to 100°C and the temperature recorded every 30 s. The T m values were determined from the polynomial fitting of the observed curves and taken as the temperatures corresponding to half-dissociation of the DNA duplexes. The first derivative of absorption with respect to temperature, dA/dT, of the melting curve was computer-generated and used for determining the T m .
CD spectroscopy
CD spectra were obtained in a JASCO-720 CD spectropolarimeter. Temperature was controlled by water circulation in the cell jacket. The DNA samples were prepared under the conditions identical to those prepared for the T m measurements. The CD spectra were performed in the region of 340-190 nm. The molar ellipticity [θ] was calculated from the equation [θ] = θ/Cl, where θ is the relative intensity, C is the molar concentration of oligonucleotides, and l is the path length of the cell in centimeters. Spectra were collected between 320 and 190 nm with bandwidth at 1-nm interval.
Affinity measurements
The affinity, association and dissociation of the duplexes, were measured in a BIAcore 2000A SPR instrument (Pharmacia, Uppsala, Sweden) with a SensorChip SA5 from Pharmacia by monitoring the refractive index change of the sensor chip surface. These changes are generally assumed to be proportional to the mass of the molecules bound to the chip and recorded in resonance unit (RU). The surface was first washed three times by injecting 10 µl 100 mM NaCl solution. To control the amount of the DNA bound to the SA chip surface, the biotinated oligomer was immobilized manually onto the surface of a streptavidin chip until 350 RU was reached. The chip surface was then washed to remove non-specific binding with 10 µl 10 mM HCl. The target strands were prepared in different buffers with appropriate concentrations (0.02-0.5 µM) and passed over the chip surface for 140 s at a flow rate of 30 µl/min to reach the equilibrium. The conditions of the solutions used for SPR were the same as those in UV melting curve studies. Blank buffer solution was then passed over the chip to initiate the dissociation reaction and this was continued for 600 s to complete the reaction. After 600 s, the surface was recovered by washing with 10 µl 10 mM HCl for each DNA duplex.
Kinetic analysis
Sensorgrams for the interactions of DNA duplex were analyzed with BIA evaluation software version 3. The association and dissociation constants of the binding reaction between the probe (A) and the target (B) can be measured as described below:
where k a and k d are association and dissociation constants, respectively. The formation rate of the complex can be described as following:
The above equation can be expressed in terms of resonance units as:
where R max is the maximum binding capacity of the immobilized DNA probe, R is the amount of target DNA bound to the immobilized probe and C is the concentration of the flowing target DNA. In principle, the k a and k d can be calculated directly from a straight line obtained by plotting dR/dt versus R to yield a slope, k s , defined as
Determination of k s was achieved at different concentrations of the target. The k a was obtained as the slope from a plot of k s versus C. However, k d was very close to the origin and an
accurate determination of k d was difficult to establish. Therefore, an alternative method was devised. The target buffer pulse has traversed the chip surface and is replaced by a steady flow of buffer. The rate of dissociation of the formed complex, AB, is described by
where R 1 is the response at t = 1 s and R n is the response at time t = n s along the dissociation curve. Therefore, a plot of ln (R 1 /R n ) versus (t n -t 1 ) should produce a straight line with the slope of k d .
RESULTS
Effects of salts and polyamines on the melting temperature of DNA duplexes
The T m values of DNA duplexes listed in Figure 1 were determined by recording their A 260 at a different temperature. The melting profile of various duplexes is depicted in Figure 2A showing different dissociation type in the presence of 5 mM spermine. The T m values were graphed in Figure 2B . The P1 duplex is served as a reference for comparison with duplexes containing bulged loop, mismatch or hairpin. Figure 2B shows that in the absence of any salts and polyamines, regardless of the DNA sequences, hairpin (H1) shows the highest T m , whereas both bulged loop (B1) and mismatched (M1) DNAs show lower T m values than that of the perfect one (i.e. P1). This is to be expected. The T m value of all oligonucleotides started to increase upon the addition of NaCl, MgCl 2 , spermidine and spermine, suggesting that electrostatic interactions play an important role in the stability of DNA duplexes. The T m value of the duplex with a bulged base is ∼12°C lower than that without. However, the difference is reduced to 10°C when 100 mM NaCl is present. The difference drops sharply upon the addition of 20 mM MgCl 2 or 5 mM spermidine. Notice that there is no difference in the stability between B1 and P1 duplexes when 5 mM spermine is present. Therefore, in terms of the melting of DNA duplexes, the two polyamines studied here can make imperfect DNA with abnormal structure behave like perfect ones as far as the T m values are concerned. We also studied the T m value of hairpin duplexes with a stem of eight (H1) and seven base pairs (H2 and H3), all with a triplet TGT loop (Fig. 1) . The T m value of H1 is slightly higher than those of H2 and H3 (Table 1) . In contrast to the bulged and mismatched DNA duplexes, the T m values of all three H duplexes are on average 12°C higher than those of the perfect ones in 10 mM Tris-HCl buffer due to the uni-molecular formation characteristics of the hairpin duplexes. However, this gap is reduced to 8°C when 100 mM NaCl was present, and 1°C when 20 mM MgCl 2 or 5 mM spermidine was present. There was virtually no difference among the T m values between the hairpin and perfect duplexes when spermine was present. The first derivative of absorbance respect to temperature, dA/dT, of the melting curve was computer-generated and used for determining T m .
Effects of salts and polyamines on the conformation of DNA duplexes CD spectra are good indicators of DNA conformation. Figure 3A and B show the CD spectra of DNA duplexes with normal (P1) and abnormal (M1 and B1) sequences in the presence of spermidine and spermine, respectively. In the region of 260-290 nm of the spectrum, DNA duplexes (P1, M1 and B1) have a split peak which includes a large positive peak at 280 nm and a weak positive peak at 260 nm, as normally found for (A) n •(T) n sequence (37) . No change was observed in the CD spectra of both perfect and imperfect DNA upon the addition of spermidine (Fig. 3A) and spermine ( Fig. 3B) as compared with those of the perfect duplex in salt conditions (data not shown). In Figure 3A , the CD spectra of P1, M1 and B1 have a band with negative and positive peaks around 245 and 280 nm, typical of B-DNA (25) . This suggests that the conformation of these DNA duplexes remains as B-DNA. However, spermine decreased the intensity of the CD spectra of both M1 and B1, and to a lesser extent P1 in the region of 240-250 nm.
Except for the hairpin duplex of H2, which shows a CD spectral character of oligo-(A) n •(T) n in the presence of spermine, the DNA hairpins H1 and H3 with a (dA•dT) n duplex stem have positive bands at 265 nm characteristics of the CD spectra of A-DNA (38) (Fig. 4) . Hence, the conformations of H1 and H3 may be an intermediate between B-DNA and A-DNA. Spermidine and salts had similar effects on the conformation of these DNA hairpins to those caused by spermine (data not shown).
Binding affinity of DNA duplex with normal and abnormal structures
In order to study the effects of salts and polyamines on the binding affinity of DNA-DNA interaction including P1, B1 and M1, the maximum binding capacity (R max ) (in RU) between the two strands of these DNA molecules was measured using SPR in the presence of salts and polyamines. The 5′-biotin-T 7 GT 7 was used as the probe for 0.1 µM A 7 CA 7 and A 15 to form duplexes with perfect (P1) and mismatched (M1) base pairs, respectively, while the 5′-biotin-T 7 CGCT 6 was used for A 6 G 2 A 7 to form a bulged G loop (B1). In Figure 5 , at certain concentrations of salts and polyamines, regardless of DNA sequences, the maximum binding capacity of each DNA duplex increased as shown by their RU values from Na + to spermine, consistent with the increasing number of positive charges of these cations. Spermine caused the largest effect on DNA-binding affinity, presumably by holding together the two strands of DNA. Sodium ion had little effect on the binding affinity of DNA containing a mismatch, but binding affinity of the bulged G loop (B1) was close to the perfect one (P1) in the presence of Na + and Mg 2+ . For P1, B1 and M1, the highest RU values caused by spermine are nearly the same. Spermine appears to be a much better species than any other cations in terms of the binding affinity of mismatched DNA (M1).
Kinetics study of DNA duplexes with normal and abnormal structures
To study the kinetics of molecular interactions, the SPR experiment is superior to the conventional stop-flow technique because SPR can be used to study both the association and dissociation of DNA strands. The kinetic experiments were carried out by measuring the binding affinity between one DNA strand and its complementary target strand. Five concentrations of the target DNA were used for the determination of both k a and k d in different cation solutions at 20°C. In Figure 6 , the Biacore SPR traces of P1 in the presence of spermine are shown.
The k a and k d of P1, M1 and B1, calculated according to equations 3-5, are shown in Figure 7A and B. The k a and k d of P1 in Tris-HCl buffer are ∼6.84 × 10 3 M -1 s -1 and 5.33 × 10 -3 s -1 , respectively, whereas no duplex interaction was detected for M1 and B1. This is because the temperature (20°C), where kinetic experiments were carried out, was above the T m (∼14°C) of both M1 and B1. In the presence of salts and polyamines, the k a of P1 was elevated~100-fold as compared with the controls. Furthermore, under the same conditions (salts and polyamines), the k a values of M1 and B1 were not only measurable, but also increased to approximately the same level as those of P1 (Fig. 7A) . So the stabilizing effect on the association of DNA duplexes is neither dependent of the type of cations nor the structure of the duplex. On the other hand, the k d values of P1, M1 and B1 were decreased in the presence of salts and, particularly, polyamines. As shown in Figure 7B , the k d of both M1 and B1 are higher than that of P1. The k d of P1 was decreased by spermine to a much lower extent than that by salts and spermidine. The k d of B1 are higher than those of M1 in the presence of salts. However, the k d of B1 are lower than those of M1 in the presence of polyamines, suggesting that polyamines interact with these imperfect DNAs using a different mode as compared with salts.
DISCUSSION
The purpose of this study was to examine the ability of spermine and spermidine to stabilize various duplexes including perfect, mismatched, bulged loop and hairpin duplexes. Polyamines may participate in the secondary structure formation of DNA in cells, e.g. in the stabilization of stem and loop of RNA in vivo (2) . Our results show that salts and particularly polyamines stabilize DNA duplexes with abnormal sequences by elevating their T m values. Among the biological functions of polyamines, one notable feature is their ability to condense DNA (31) . Polyamine-induced DNA condensation is likely driven by non-specific electrostatic interactions. In fact, some reports applied the counterion condensation theory to DNA condensation and proposed that polyamines formed a positive ionic cloud around DNA and neutralized the negative charges of the phosphate groups of DNA (31, 39) . DNA condensation is caused by lowering the electrostatic repulsion between negative charges of the phosphate groups.
By examining the thermodynamic properties of DNA duplexes, it was found recently by Rouzina and Bloomfield (40) and Chalikian et al. (41) that melting of DNA duplexes is accompanied with positive heat capacity (∆C p ) change depending on base composition and base sequence, whereas T m is only weakly affected by ∆C p . They also suggest the transition enthalpy (∆H) at a common reference temperature is less affected by duplex type, base composition, or base sequence than previously believed on the basis of the conventional assumption of a near-zero value for ∆C p . However, the changes in the thermodynamic properties of DNA duplexes were not investigated in our study. It would be interesting to study the effect of structures on the heat capacity of various duplexes in the presence of salts and polyamine in the future.
In polyamines, the distance separating the charge is a function of the length of the carbon chain between amino groups and is important for the induction of conformational changes in DNA (42) . It was shown previously that polyamines can promote the B to Z conversion of poly(dG-dC)•poly(dG-dC) (15, 43) . In addition, G/C-rich B-DNA may be converted to A-DNA reversibly in the presence of polyamine (16, 44) . The sequences of DNA duplexes studied here were mainly (A) n •(T) n . According to the results from CD studies, both the perfect and imperfect DNAs retained their B-type conformation in the presence of high concentration polyamines. The results indicated that the spermine-induced change of conformations of oligonucleotides is sequence dependent. Furthermore, several X-ray structures have reported evidence for the polyamines in B-DNA stabilization with different a mechanism of polyamine-DNA interaction. In the previous work, Drew and Dickerson (45) have shown a spermine molecule that spans the upper end of the major groove in the B-DNA crystal structure of dodecamer d(CGCGAATTCGCG) 2 . In contrast, Tari and Secco (21) have found a spermine molecule in the narrow minor groove of a distorted B-DNA. In addition, Gao et al. (46) found a spermine molecule bridging two tandem GpA steps from two symmetry-related duplexes by making contacts with four guanines of the G•A mismatches. This may also suggest a possible mode of stabilization by spermine in M1 duplex.
The biosensor method is sensitive not only to discriminate the gross difference caused by lesions in a DNA duplex, but also to detect the kinetic effects under different conditions. Here we report the first example of the analysis on the association and dissociation kinetics of DNA containing abnormal sequences using SPR technique in the presence of different cations. A previous SPR study has shown that the kinetic parameters of DNA hybridization can be significantly affected by the number and location of mismatches in a DNA duplex of less than 20 bases (47). Jensen et al. (48) have shown that the binding of pentadecamer DNA and RNA to peptide nucleic acid, DNA and RNA sequences containing single mismatches at various positions in the center resulted in increased k d values and decreased k a values. They also suggested that the most stable duplexes (the highest T m ) exhibited the slowest dissociation rates and the fastest association rates. In the SPR study of this report, we observed that high concentration of salts or polyamine increased the association rate constant of M1, B1 and P1 to nearly the same level in the high positive ionic strength environment. But they also caused different binding capacity on the duplex formation in the order of spermine > spermidine > Mg 2+ > Na + . Particularly notable is that polyamines can stabilize DNA containing mismatched and bulged base pairs as shown by their decreased k d values which generally correlate with increased T m .
We conclude that the binding of polyamine to DNA duplexes removes the stability differences among various DNA structures whose inter-conversion may be carried out with minimal energy barriers in the presence of polyamine. This may have relevance in the possible biological functions associated with DNA polymorphism. In addition, some studies suggest that mismatched base pair stacking site is a preferred recognition position for protein-DNA interaction (49), Figure 7 . (A) The k a and (B) the k d values derived from the DNA-DNA-binding sensorgrams between the immobilized oligonucleotide and its corresponding target strand of P1, M1 and B1 as described in Figure 5 . Kinetic measurements were carried out under the following conditions A-E as described in Figure 2 . All binding experiments were completed with at least five different concentrations for each target strand. The methods for determining k a and k d are described in the Materials and Methods section. Typical error levels for the k a and k d values are ±20 and ±10%, respectively. especially for repair enzyme (50) . Therefore, a high concentration of polyamines, often found in tumor cells, may be able to protect a mismatched base pair in DNA from repair enzymes, leading to deleterious mutations.
